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ABSTRACT 

A summary of the projects undertaken by the IEA Environmental Systems Activity over the period 1992 
- 1994 is presented. The goal of the activity has been to investigate and evaluate systems that permit 
biomass conversion technologies to meet environmental requirements. The projects undertaken that 
produced significant outcomes were: 

1. Analysis and characterisation of wastewaters from the production of bio-oils and upgraded bio¬ 
oils from biomass. 

2. Characterisation of ash and char arising from combustion, pyrolysis and gasification processes. 

3. A review of volatile emissions from biomass drying. 

4. A study of the control of flue gases arising from the combustion of solid biomass, bio-oils and 
gasification fuel gases in furnaces, gas turbines and engines. 

5. The development of a new methodology for evaluating the likely environmental impacts of 
bioenergy systems. 

Progress in each of these project areas is summarised. A comprehensive report detailing the technical 
outcomes of the overall activity (project by project) and providing an up to date overview of the 
environmental issues surrounding biomass conversion has been prepared. 
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INTRODUCTION 

The Environmental Systems Activity was formed in January 1992 under the auspices of the 
International Energy Agency (IEA) Bioenergy programme. This Activity followed on from a 
previous IEA Wastewater Treatment Activity 1 and was designed to address the broader 
environmental issues associated with the conversion of biomass to energy. The participants in 
the Environmental Systems Activity were the European Union, Finland, New Zealand, Norway 
and the United States. 

The goal of the Activity has been: 

To investigate and evaluate systems that permit conversion technologies to meet 
environmental requirements. 

Whilst the original work programme encompassed issues surrounding both biochemical and 
thermochemical processing options for converting biomass into a variety of energy forms, the 
emphasis in the Activity has swung heavily towards thermochemical conversion processes. This 
is primarily a reflection of possible thermochemical wastewaters being far more difficult to treat, 
due to the chemical nature of compounds, than wastewaters from biochemical conversion plants. 

This paper covers selected aspects of the research undertaken under the umbrella of the 
Environmental Systems Activity and completes the current three year work programme. Parts 
of the programme have been reported elsewhere in separate reports or as chapters in the 
Environmental System final report 2 and abbreviated versions are presented here. Other 
components are reported for the first time. Some ongoing research is not reported in this paper 
(e.g. treatment studies on representative wastewaters from thermochemical processes). 

In compiling the paper, it is the hope of the Activity members that the reader can determine the 
origins and characteristics of the emissions (solid, liquid and gaseous) likely to be encountered 
with thermochemical processing of biomass and the ways in which these emissions can be 
handled and controlled. In addition, the concept of environmental evaluation as a means of 
quantifying the potential environmental risks associated with various biomass processing 
options is developed. 

The following topics are covered in this review: 

• composition of liquid wastes from thermochemical processing of biomass 

• composition of solid wastes from thermochemical processing of biomass 

• composition of gaseous emissions from drying of biomass for thermochemical processing 

• control of flue gases arising from furnaces, gas turbines and engines 

• environmental evaluation of thermochemical processing option for biomass 

COMPOSITION OF LIQUID WASTES FROM THERMOCHEMICAL PROCESSING 
OF BIOMASS 

This section deals with the sources and nature of liquid wastes arising from combustion, 
pyrolysis or gasification processes. Also included is the upgrading of flash pyrolysis oils - the 
process of hydrotreating or "cracking" bio-oils to improve the fuel qualities of the product. 
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Control of emissions from processing of biomass 
Wood storage leachates 

When harvested most woods comprise 50% moisture and 50% dry material. In order to 
facilitate storage and reduce the material to a manageable size, chipping is the most common 
practice. For combustion and gasification processes feedstock particle size can vary 
significantly. Flash pyrolysis processes typically require that wood chips undergo further size 
reduction and lowering of their moisture content. 

Very little information is to be found in the literature regarding the nature and quantities of 
leachates from wood storage piles. 

Chips put into storage piles generate their own heat due initially to the respiration of the living 
ray parenchyma cells of the wood 3 . Temperatures inside a chip storage pile may increase to 40 - 
50°C which drives moisture from the centre of the pile. Typically moisture levels near the 
surfaces of the piles are higher than in the centre due to moisture condensing in the outer 
regions, and, if left uncovered, rainfall will also wet the outside layers 4 . If covered, the average 
moisture content of the chips will decrease. 

The type of wood stored will directly affect the nature of any leachate produced. In a study 
undertaken in New Zealand 5 leachate arising from a Pinus radiata sawdust stockpile was 
sampled and found to have the following characteristics: 

COD (total) 6300 mg/L 

COD (dissolved) 4500 mg/L 

Total solids 1720 mg/L 

Resin acids not detectable 

Volatile fatty acids 1600 mg/L 

It was concluded that: 

• little information exists on wood chip pile leachates 

• leachates do not arise from covered chip piles 

• only under high rainfall conditions and in aged chip piles can any leachate be expected from 
uncovered piles 

• leachates from wood chip piles, should they be generated, are likely to be easily treated in 
biological treatment systems. 

Feedstock preparation wastewaters 

Biomass materials contain significant amounts of water, typically 50 - 65 %. Raw peat contains 
still higher water contents, up to 90 %. Biomass should be dried before feeding to combustion, 
gasification or pyrolysis processes and during the drying process wastewaters may be generated. 

Flue gas drying or steam drying techniques are commonly used to dry biomass 6,7 . In both 
drying processes, biomass is commonly dried using low temperatures (100 - 400°C), high 
heating rates and short residence times (0.5 - 60 seconds). However, the thermal treatment 
brings about changes in the organic material. Even under mild drying conditions, organic 
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compounds are released from biomass, and these may cause environmental problems resulting 
from atmospheric emissions, or effluents if they are condensed or scrubbed 7,8 . 

The organic compounds released in the drying of peat and bark have been studied thoroughly at 
the Technical Research Centre of Finland (VTT) in co-operation with Abo Akademi University 
over the years 1987 - 1992 9 . The objectives were to determine the organic compounds released 
from peat and bark under different conditions of flue gas and steam drying, and to determine the 
effect of these compounds on the environment and on the formation of deposits in processing 
equipment. In addition to the drying temperature, the amount and composition of the 
compounds released from bark were dependent on tree species. The amounts of the identified 
organic compounds released at 150 - 350°C from pine bark and birch bark were 0.1 - 11 % and 
0.3 - 17 %, respectively. The dominant compound groups released from pine bark were 
carboxylic acids, aldehydes and carbohydrates, whereas those released from birch bark included 
carboxylic acids and terpenoids. Lipid compounds amounted to 0.1 - 0.9 % of pine bark and to 
0.1 - 10.5 % of birch bark. The dominant lipid groups released from pine bark were fatty and 
resin acids. 


Gasification Wastewaters 


Wastewater contamination from biomass gasification will vary depending on the particular 
gasification system being employed. For example, recent results from the U.S. show that the tar 
contamination in the product gas can vary in composition to such an extent that catalytic 
processes for cleaning the gas developed for one system may be unsuitable in another because of 
the differences in the chemical components involved. The variation in the chemical composition 
of the pyrolytic components produced at different processing conditions has been addressed in 
earlier research 10 . These differences in the composition will affect the amount and type of 
dissolved organic contamination in any wastewaters. 

The occurrence of wastewaters from gasification processes is likely to be highly dependent upon 
the exact nature of the gasification process being used. 


Pressure gasification 
(with a turbine) 

Atmospheric gasification 
(with an engine) 

Atmospheric gasification 
(with a turbine) 


will tend to use hot gas cleaning in order to retain gas 
temperatures and hence wastewaters are unlikely to be generated. 

water quenching to cool and clean the product gas is preferred. 

water quenching/scrubbing probably necessary to clean gas 
product prior to compression ahead of the turbine 


Water scrubbing of fuel gas from atmospheric pressure biomass gasification is one option being 
evaluated by Battelle Columbus in the U.S.A to produce clean gas. The water quench and scrub 
systems are currently available technologies for producing clean gas products for turbine-based 
electrical power generation. Analysis and treatment of these water scrub effluents is being 
studied to provide information for evaluation of disposal requirements. 
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Effluent samples from gasification without catalytic cleaning 

Water samples from a Battelle-Columbus (BCO) Indirectly Heated atmospheric pressure 
Biomass Gasifier were analysed at the Pacific Northwest Laboratory (PNL). The feedstock for 
the gasifier was wood sawdust. 

Inorganic and organic analyses of the two water samples (clean feed water and scrubber water) 
were completed and showed that: 

• the conductive components increased by an order of magnitude (from 620 to 2980 
mMho/cm) 

• the primary contaminating inorganic component was nitrogen 

• COD increased from 48 p.p.m to 4500 p.p.m. 

• pyridine, cresols and benzene were the specific organic components identified that were 
likely to be of concern because of their toxicity. 

The analyses showed that the scrubber water from the BCO Indirectly Fired Biomass Gasifier 
will be contaminated to a limited degree by nitrogenous and organic byproducts of gasification. 
The amount of contamination will depend in part on the temperature in the tar separator in the 
gasifier as the solubilities of the organic tar components are low at 20°C and apparently drop 
even lower at 0°C. Sufficient quantification of any tar phase collected separately from the 
scrubber water is important in seeing the total picture. These samples provide a baseline for 
further studies in that the tests were performed without hot gas conditioning, i.e., catalytic 
treatment to complete the gasification process. Water was not recycled in the tests and the 
results were derived for a once through system. 


Effluent samples from catalytically cleaned gasification 

Effluents were also analysed from a BCO Indirectly Heated Biomass Gasifier which operated 
with and without a fluidised bed for catalyst tar cracking. Included in these analyses were clean 
supply water and first/second stage scrubber discharge samples collected from the unit operating 
both with and without a fluidised bed catalysis step. Results showed that there was very little 
difference in quality in terms of soluble organics and inorganics between catalysed and 
uncatalysed scrubber samples and that the effect of the catalyst would be more apparent in 
measurements of the quality of condensed tar, the gas composition and gas yield. 

As no results are available from a water recirculation system operating on gasification products, 
an attempt to simulate the probable maximum organics content arising from such a system was 
made by contacting fast pyrolysis oils with limited water to get phase separation and taking the 
aqueous phase to represent the worst case of a waste water from a recirculated washing system. 


Pyrolysis wastewaters 

A flash pyrolysis processing plant (excluding upgrading) should produce no wastewater streams 
as the aqueous fraction of the pyrolysis product is co-dissolved in the polar organic product. 
However, if there are equipment breakdowns, leaks or spillages, the pyrolysis oil will have to be 
collected and treated. This would normally be via the site sump and drainage system when the 
bio-oil would be in contact with water resulting in a heavily contaminated aqueous fraction and 



330 


A. V. Bridgwater et al . 


Table 1: Characteristics of wastewater samples demonstrating the influence of 
bio-oil upgrading (hydroprocessing) on water quality 2 . 



Processing Wastewaters 
All figures mg/L unless ot 

lerwise specified 

Veba 88ww* 

Veba 99ww* 

pH (units) 

4.5 

8.5 

COD (g/1) 

>150.0 

1.1 

Hydrocarbons 

240 

nf 

Phenol 

847 

4 

Methylphenols 

1656 

28 

Methoxyphenol 

nf* 

nf 

Hydroxyphenols 

nf 

nf 

Benzaldehydes 

26 

nf 

Phenylketones 

nf 

nf 

PAHs 

nf 

nf 


* See text for origins of samples 

** nf = not found 

Lower detection limit lmg/L 

a viscous tar fraction. Water washing of spillages will also result in deposition of lignin derived 
deposits which are very difficult to remove. 

During the course of the Environmental Systems Activity a limited range of representative 
wastewater samples were collected and also, to simulate a typical spillage situation, synthetic 
"worst case" wastewaters were prepared by mixing bio-oils with water and saturating the 
aqueous phase. Analysis of these materials for environmental parameters and individual organic 
components showed that crude (i.e. not upgraded) bio-oils gave highly contaminated 
wastewaters under the test conditions used, (COD > 150 g/L). Such wastewaters should best be 
concentrated and combusted as a disposal route rather than treated biologically. Other tests 
produced a wastewater with a COD between 3-10g/L with methoxy phenols being dominant. 
(Note: Only 1 sample type was analysed). 


Pyrolysis oil upgrading wastewaters 

The qualities of pyrolysis fuels can be enhanced either by upgrading the crude bio-oil following 
its production (e.g. hydrotreating) or by catalytic "cracking" of the hot pyrolysis vapours (e.g. 
using a zeolite catalyst) 11 . 

Hydrotreating or hydroprocessing generated wastewaters with highly variable quality. With 
limited hydroprocessing wastewaters had high COD (150g/L) but with extensive 
hydroprocessing the wastewater COD was reduced to Ig/L. Typical data for other variables 
obtained for two samples are shown in Table 1. Samples Veba 88 ww and Veba 99 ww are the 
wastewaters associated with upgrading an ENSYN flash pyrolysis oil by hydrotreatment. Veba 
88 ww resulted from 88% upgrading and Veba 99 ww from 99% upgrading. (Note: No samples 
arising from zeolite or catalytic cracking of bio-oils were available for analysis). 

Upgraded bio-oils produced wastewaters of relatively low COD (0.1 g/L for 99% upgraded flash 
pyrolysis oil) that could be suitable for biological treatment. Potential wastewater environmental 
issues are highly dependent on the extent to which the oxygenerated phenolics are removed by 
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Table 2: Ash samples used for the characterisation study 12 


Sample 

No. 

Source: 

Process / Type of 
sample: 

Feedstock: 

1 

New Zealand woodwaste boiler 

combustion 

sawdust from radiata pine 

2 

New Zealand woodwaste boiler 

combustion 

sawdust and sawmill waste 
from radiata pine 

3 

New Zealand woodwaste boiler 

combustion 

bark from radiata pine 

4 

VTT (Finland) 

bioneer gasifier 

peat 

5 

TNO (Netherlands) 

combustion 

oak and beech clean wood 

6 

EMPA (Switzerland) 

combustion 

clean waste wood (softwood 
and hardwood mixture) 

7 

UE Fenosa (Spain) 

pyrolysis (char) 

eucalyptus chips 


upgrading. Clearly, there will be trade-offs to be made between the costs of upgrading, the 
qualities of the resultant bio-oil products and the environmental outcomes. 


COMPOSITION OF ASH AND CHAR FROM THERMOCHEMICAL PROCESSING 
OF BIOMASS 

Ash or solid waste residues are produced in large quantities from commercial plants that convert 
biomass to energy or other products by thermochemical processes (i.e. combustion, gasification 
or pyrolysis). The disposal or reuse of this solid residue is an ongoing problem as 
environmental regulations for landfilling become more stringent, and landfill sites less available 
and more expensive to operate. 

The Environmental Systems project focused on the characteristics of ash from different 
thermochemical conversion processes and determined how these factors influence the 
development of appropriate disposal or reuse options for these materials. 

The results of the ash characterisation study were reported by Gifford et al. n . For this study ash 
samples were received from seven different thermochemical conversion plants: 5 from 
combustion systems; 1 from a gasification plant and 1 from a pyrolysis process (see Table 2). It 
was assumed that the ashes submitted for assessment were representative of ash materials that 
would ultimately be available for reuse or disposal. All of the ash samples considered can be 
regarded as bottom ash as opposed to fly ash. The various ashes were assessed in terms of their 
physical, chemical and leaching characteristics. The physical parameters determined were 
particle size distribution, density, surface area, and particle shape and structure. The elemental 
content of each ash was investigated by using X-ray fluorescence spectroscopy (XRF). The 
ashes were leached using a modified version of the toxicity characteristic leaching procedure 
(TCLP) 13 . 

The conclusions from this study were as follows: 

• the ash particle size distribution will depend on the particle size of the feedstock and 
thermochemical conversion conditions. During thermochemical conversion, both particle 
size reduction and fusion may occur. 
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1 ") 

Table 3: Concentration of chemical constituents in leachate from biomass ash samples (mg/L) 


|Sample 

ID* 

Al 

As 

B 

Ca 

Cr 

Cu 

Fe 

K 

Mg 

Mn 

g— 

1 

<0.24 

<0.16 

2.19 

284 

0.06 

<0.04 

0.09 

366 

69.3 

12.5 

iliEM 

2 

0.36 

<0.12 

20.8 

824 

0.16 

0.06 

0.21 

1042 

210 

13.6 

Woodwaste 

combustion 

3 

0.72 

<0.12 



0.06 

0.09 

0.12 

212 

56.6 

4.26 

Peat 

gasification 

4 

1.7 

<0.12 

0.44 

726 

0.07 

0.34 

18.61 

10.3 

46.8 

3.77 


5 

<0.24 

<0.12 

6.33 

910 

. 

0.06 

<0.04 

0.13 

2743 

<0.24 

0.01 

Woodwaste 

combustion 

6 

<2.43 

<1.22 



<0.12 

<0.37 

<0.37 

2898 

<2.43 

0.06 

Wood pyrolysis 
char 

■ 

1.11 

<0.12 



<0.01 

0.07 

4.14 

262 

8.52 

2.19 


Table 3: Concentration of chemical constituents in leachate from biomass ash samples (mg/L) 

continued. 


Sample 

ID* 

Na 

Ni 

P 

Pb 

S 

Se 

Si 

Sn 

Sr 

Zn 

Woodwaste 

combustion 

1 

50.5 

<0.02 

21.1 

<0.24 

31.6 

<0.36 

18.9 

<0.04 

2.07 

1.16 

Woodwaste 

combustion 

2 

30.4 

<0.02 

11.2 

<0.24 

56 

<0.36 

43.8 

<0.04 

4.62 

0.21 

Woodwaste 

combustion 

3 

30.4 

<0.02 

<0.24 

<0.24 

28.6 

<0.36 

54.1 

<0.04 

2.8 

2.8 

Peat 

gasification 

4 

11.4 

<0.02 

<0.24 

<0.24 

126 

<0.36 

167 

<0.06 

4.26 

26.8 

fgMM 

5 

233 

<0.02 

<0.24 

<0.24 

268 

<0.36 

4.99 

<0.04 

6.45 

6.08 

Woodwaste 

combustion 

6 

28.6 

<0.02 

<2.43 

<2.43 

18.7 

<3.65 

12.2 

<0.36 

13.1 

0.4 

Wood pyrolysis 
char 

■ 

62.1 

0.06 

3.53 

<0.24 

5.96 

<0.36 

3.7 

<0.04 

0.43 

1.1 


* See Table 2 to relate ID to sample sources. 


• large particle size fractions with porous structures, have high surface areas. Particles with a 
porous structure (shredded sponge like appearance) have high carbon contents. 

• small particle size fractions (<63 pm) in biomass ashes from combustion systems are 
relatively porous. 

• the major elements found in the sampled biomass ashes were Ca, K, Mg, Si, and P. Minor 
components were Fe, Al, and Na. 
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Table 4: Comparison of ash leachate concentrations and regulatory values for toxicity 
characteristic as defined by the US EPA (mg/L) 


Ash sample 

As 

Cd 

Cr 

Pb 

Se 

1 

<0.16 

<0.02 

0.06 

<0.24 

<0.36 

2 

<0.12 

<0.02 

0.16 

<0/24 

<0.36 

3 

<0.12 

<0.01 

0.06 

<0.24 

<0.36 

4 

<0.12 

<0.02 

0.07 

<0.24 

<0.36 

5 

<0.12 

<0.01 

0.06 

<0.24 

<0.36 

6 

<1.25 

<0.12 

<0.12 

<2.43 

<3.65 

7 

<0.12 

0.06 

<0.01 

<0.24 

<0.37 

US EPA TCLP maximum 

concentration* 

5 

1 

5 

5 

1 


• Taken from US Federal Register (1990) 

• contamination of biomass fuels with soil and dirt will markedly influence the Si content of 
the residual ash. 

• the heavy metal concentrations of the original ash samples were low (often below the 
detection limit,<10 mg/kg) and usually less than allowable concentrations for the application 
of sewage sludge to land as derived by the New Zealand Department of Health. 

• the chemical content of particle size fractions can vary and these differences may be caused 
by: soil contamination; volatile alkali metals and some elements acting as nucleation 
particles. 

• the major elements leached from biomass ashes (based on the percentage leached compared 
to the amount in the original ash), using a modified toxicity characteristic leaching procedure, 
were K, S, Ca, Mg, and Mn. 

• based on the modified TCLP, none of the biomass ashes assessed during this study produced 
leachate that would have chemical concentrations in excess of the specified US EPA 
regulatory values for toxicity characteristic. Biomass ashes are unlikely to be classified as 
hazardous according to the US EPA toxicity characteristic leaching procedure. Because of 
the significance of this conclusion, the summary data is presented in Table 3 and compared 
with USEPA regulations in Table 4. 

• ashes with high concentrations of Fe, A1 and Si, leach less Ca and K than ashes with low 
concentrations of the former group of elements. 

• biomass ashes with a high surface area (also high carbon content) readily leach Ca and K. 
These ashes are often produced by furnaces with low fuel conversion efficiencies. 

This study showed that the physical and chemical characteristics of biomass ashes are highly 
variable and that these factors markedly influence the leaching characteristics of constituent 
chemicals of ashes. Based on particular physical and chemical parameters, it may be possible to 
predict the leaching characteristics of ashes. Such predictions may then be used to select uses of 
ash residues that will give the maximum benefit. However, since this study was based on a 
relatively small number of ash samples, further ash characterisation studies would substantially 
improve this predictive process. 


JflB 9-1/5-V 
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GASEOUS EMISSIONS FROM DRYING OF BIOMASS FOR 
THERMOCHEMICAL PROCESSING 

Information presented in this section is based to a large extent on the literature review 
undertaken by Wastney 14 in the Environmental Systems project. The objective of this review 
was to compile information on wood and bark dryer emissions with the aim of characterising the 
emissions in terms of composition, formation and effect on the environment. The important 
factors affecting the quantity and composition of emissions were reviewed as well as methods of 
dryer emission control. In addition to wood drying, information from a variety of wood 
processing industries was also considered 

The review covered the following topics: 

• types of wood and biomass dryers 

• emissions from veneer dryers, particle drying, biomass drying, mechanical pulping and kiln 
drying of lumber 

• factors affecting the composition and rate of emissions 

• environmental and health effects of dryer emissions 

• controlling dryer emissions 

The conclusions drawn from the review were that the emissions from the wood drying processes 
examined are all similar. The main classes are monoterpenes, other lipid compounds and 
thermal degradation products. The emissions can also be classified into two categories: those 
that remain volatile at ambient conditions and those that condense after leaving the drying stack. 

The most volatile emissions consist of monoterpenes. Monoterpenes are naturally emitted from 
wood, and emission rates increase when the surface area or the temperature of the wood are 
increased. The major components are a-pinene and (I-pinene. Monoterpenes are strong 
smelling irritants. Photochemical reactions of monoterpenes with ozone produce aerosols which 
form a haze likened to the natural haze found over forested areas. 

The condensable category consists of components such as fatty acids, resin acids, diterpenes and 
triterpenes. Although these have high boiling points, they have sufficient vapour pressures at 
high drying temperatures (180 - 220°C) to be released from wood. These compounds condense 
after leaving the dryer stack and form submicron aerosols. They may occur in the steam or in 
the gas flow as vapour phase or in a liquid state as aerosols or on the surface of particles. The 
tacky fatty and resin acids released are assumed to contribute to the formation of deposits on the 
surfaces of peat and bark dryers. Blue-haze (blue-grey discoloration of exhaust gases from 
wood dryers) has been found to be dependent on the amount of condensable rather than volatile 
emissions. 

Thermal degradation products, such as formic and acetic acids, alcohols, aldehydes, furfurals 
and carbon dioxide, are released at high drying temperatures (greater than 200°C). 
Formaldehyde is a strong smelling irritant and suspected carcinogen. Increasing the wood 
temperature rapidly increases the amount of thermal degradation products. The main purpose in 
dryer emissions control has been to reduce the visibility and odour of exhaust gases. 

The review completed by the Environmental Systems Activity 14 provides a comprehensive 
summary of relevant information on gaseous emissions from drying of biomass. No new or 
novel control technologies were identified but an excellent basis for exploring the options for 
further technical research has been established. 
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THE CONTROL OF FLUE GAS EMISSIONS RESULTING FROM THE 
COMBUSTION OF BIOMASS-DERIVED FUELS 

This project addressed the potential flue gas emissions arising from bioenergy systems. Three 
types of biomass-derived fuel were considered: solid biomass (focusing on wood); bio-fuel oil, 
which is the product of fast pyrolysis of solid biomass; and low heating value fuel gases 
produced by thermal gasification 15 . 

Reported or predicted emissions from the combustion of these fuels in boilers, engines and gas 
turbines were gathered and then possible emissions controls were discussed under three main 
topics: pre-combustion controls by fuel pretreatment; combustion system modifications; and the 
treatment of flue gases as a post-combustion control. 

As a result of the project, it was found that technologies and techniques are available that will 
mitigate gaseous emissions from the combustion of biomass fuels. The problem however is how 
to control emissions while ensuring that the technologies involved do not bankrupt the overall 
process. This problem is acute in biomass-based systems where small system capacities limit 
both scale economies and system efficiencies, making it difficult to absorb the extra costs of 
emissions control. The costs of flue gas controls should be avoided in favour of fuel 
pretreatment and combustor modifications. Fuel pretreatment and combustor modifications can 
often have the dual benefits of preventing pollutants arising and increasing combustion 
efficiencies. 

Summaries of preferred emissions control techniques for each type of combustor are presented 
in Table 5 (boilers), Table 6 (engines) and Table 7 (gas turbines). 

Solid fuel combustion is the most established technology for biomass utilisation. There are no 
major environmental uncertainties or barriers to it's use. The optimum particulate matter 
removal can vary from system to system, but the technologies available are established and it is 
generally clear which technology is most suitable for each case. Table 5 suggests a multi¬ 
cyclone and electrostatic precipitator (ESP) combination but performance can be reduced by 
fluctuations in particulate loading. Such systems, or systems that require removal of acid gases 
or other pollutants, would benefit from the use of barrier filtration or scrubbing. 

The properties of bio-fuel oil can vary according to the pyrolysis technology and feedstock. 
Research and development is required to improve the char and ash content of the liquids, thus 
reducing particulate problems and improving combustion efficiencies. This work is ongoing at 
present. Another important feature of bio-fuel oil quality is that it must be standardised to 
ensure developments in emissions control can be applied widely and are not constrained to 
particular bio-fuel oil cases. 

It is assumed that fuel injection systems can be designed for bio-fuel oils that can control NO x 
by applying the same principles used for conventional liquid fuels. However, there are potential 
problems that are peculiar to bio-fuel oil systems. Long term tests are needed to provide 
reassurance that the combustion process can be successfully operated to meet emission 
requirements. Fortunately, there is research activity in the design of bio-fuel oil injectors for 
boilers, engines and gas turbines. Experience with other 'difficult' fuels such as coal water 
slurries has proved that solutions can be found to fuel injection problems. Given the level of 
uncertainty surrounding bio-fuel oil combustion, Tables 5 and 6 have erred on the side of 
caution and suggested flue gas de-NO x and oxidation in engine and gas turbine applications - 
future combustion tests may demonstrate that one or other technology is not required. 
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Table 5: Preferred emission controls - boilers 2,15 




Controls 

Fuel 

Emission 

Pre-Combustion 

Combustion 

Post-Combustion 

Solid 

biomass 

Particulate 

Feed diying and 
comminution. 

Use CFB 
combustion to 
increase residence 
times. 

Multi-cyclone and 

ESP. Multi-cyclone 
and baghouse for 
fluctuating loads. 


NO x 

Blend to give low- 
nitrogen feedstock. 

Use CFB 
combustion; stage 
air-flow; eliminate 
hotspots. 



CO/VOC 

Feed drying and 
comminution. 

Use CFB 
combustion to 
increase residence 
times. 



so x 

Blend to give low- 
sulphur feedstock. 

Inject limestone 
sorbent. 


Bio-fuel 

oil 

Particulate 

Remove solids by 
hot gas filtration. 

Staged combustion, 
Overfire air. 

Could be avoided. If 
not then multi-cyclone 
and possibly ESP. 


NO x 


Low-NO x burners, 
tangential firing, 
overfire air. 



CO/VOC 

“ 

Staged combustion, 
Overfire air. 



SO 


Use low sulphur 
pyrolysis feedstock. 



Fuel gas 


Particulate Cyclone separator. 



Multi-cyclone and 
ESP. 


NO 


Low-NO x burners, 
tangential firing, 
overfire air. 


CO/VOC 



Staged combustion, 
Overfire air. 



SO 


x 


Use low sulphur 

gasification 

feedstock. 




Engine firing with low heating value gases is more established than engine firing with bio-fuel oil and 
emissions control requirements may be predicted with more certainty. Industrial gas turbines have 
burned non-biomass derived low heating value gases with very low emissions. The performance of 
aeroderivative gas turbines with low heating value gases has yet to be demonstrated and modified 
aeroderivative combustors are being developed, mainly to ensure complete combustion of the fuel. 
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Table 6: Preferred emissions controls - engines 2,15 


337 




Controls 

Fuel 

Emission 

Pre-Combustion 

Combustion 

Post-Combustion 

Bio-fuel 

oil 

Particulate 

Remove solids by 
hot gas filtration. 

' 

ESP (large turbo¬ 
charged engines). 


NO x 


Attention to air/fuel 
injection parameters. 

Reheat if feasible. 
Otherwise NSCR or 
SCR. 


CO/VOC 

Remove char by hot 
gas filtration. 

Attention to air/fuel 
injection parameters. 

Oxidation catalysts. 


SO x 

Use low sulphur 
pyrolysis feedstock. 


** 

Fuel gas 

Particulate 

Wet gas scrubbing. 

Control and 
maintenance of 
lubrication system. 



NO x 

Wet gas scrubbing 
to remove NH 3 . 

Attention to air/fuel 
injection parameters. 

' 


CO/VOC 

Tar cracking in 
gasifier or secondary 
reactor; tars removal 
in wet gas 
scrubbing. 

Attention to air/fuel 
injection parameters. 

Oxidation catalysts. 


SO x 

Use low sulphur 
gasification 
feedstock; possible 
fuel gas 

desulphurisation. 




Fuel gets cleaning techniques are another major uncertainty that is under intense investigation. 
Wet gas scrubbing is generally preferred for engine applications since the clean-up system can 
also cool the gas to the temperatures required by the engine. The currently preferred process for 
gas turbine systems is hot gas filtration since they do not produce a liquid effluent, but the 
reliability of sintered metal and ceramic filters remains questionable. Further research is also 
required to develop and demonstrate tar cracking and the removal of nitrogen compounds in 
thermal or catalytic reactors, so that CO/VOC and NO x emissions can be reduced. 

Finally, just as the actual emissions are difficult to predict in all but the combustion of solid 
fuels in boilers, the regulations that will determine the level of control required are also unclear. 
Legislation pertinent to biomass-derived fuels is sparse and many systems will be covered by 
standards originally developed for conventional fuels. As experience with biomass grows, 
specific biomass standards will develop, and the control requirements to meet them may not be 
the same as those suggested in this work. 

It is concluded that, aside from the combustion of biomass in conventional boilers, there is a lot 
of uncertainty surrounding the emissions that may arise from the combustion of biomass-derived 
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Table 7: Preferred emission controls - turbines 2,15 




Controls 

Fuel 

Emission 

Pre-Combustion 

Combustion 

Post-Combustion 

Bio-fuel 

oil 

Particulate 

Remove solids by hot 
gas filtration. 




NO x 


Low NO x 
combustors; Staged 
combustion. 

Reheat if feasible. 

SCR. 


CO/VOC 

Remove char by hot 
gas filtration. 

Staged combustion; 
use large silo-type 
combustors. 

Oxidation catalysts. 


so x 

Use low sulphur 
pyrolysis feedstock. 



Fuel gas 

Particulate 

Hot gas filtration. 


- 


NO x 

Catalytic removal of 
NH 3 from the fuel 
gas, or wet gas 
scrubbing. 

Use dry low-NO x 
combustors. 

Potentially none. 

SCR if combustion 
modifications prove 
ineffective. 


CO/VOC 

Tar cracking in 
gasifier or secondary 
reactor; tars removal 
in wet gas scrubbing. 

Consider large silo- 
type combustors to 
ensure residence 
times. 

Oxidation catalysts. 


so x 

Use low sulphur 
gasification feedstock; 
possible fuel gas 
desulphurisation. 

_ 



fuels. Technology is available that will improve emissions performance but until emission 
levels are proven the controls required can only be estimated. Compliance with local emissions 
regulations could have considerable impact on the overall viability of the bioenergy system, 
especially if fuel pretreatment and combustion technologies cannot be developed that avoid the 
need for flue gas controls. Research is already ongoing in these areas and it is hoped that 
emissions control requirements can be defined with much more certainty in the near future. 


BIOENERGY ENVIRONMENTAL EVALUATION SCHEME 

Biomass may be regarded on a global scale as environmentally beneficial source of renewable 
energy. On a more local level, the use of biomass for power production will produce solid 
residues, liquid effluents and gaseous emissions just as any other industrial process. There are 
also health and safety issues to be addressed that may affect the performance of the plant and the 
well-being of those who work with it. 
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Process 

Combustion 

GasEng 

IGCC 

PyrEng | 

Score 

% 

Score 

% 

Score 

% 

Score 

% 

Pretreatment 

51.5 

51.5% 

49.6 

45.6% 

52.5 

47.2% 

51.1 

52.8% 

Conversion 

44.0 

44.0% 

27.1 

25.0% 

26.0 

23.3% 

6.9 

7.1% 

Generation 

4.4 

4.4% 



32.8 

29.5% 

38.8 

40.1% 

Total 

100.0 

100 .0% 

108.7 

100 .0% 

111.3 

100 .0% 

96.8 

100 .0% 


Note: It cannot be argued by reference to Table 8 that the pyrolysis and engine system is the 
cleanest, healthiest and safest system of the four systems analysed, since: (i) the systems 
evaluated are generic and not specific to actual cases; and (ii) the scores applied, though 
objective and consistent, are approximations and the differences between the scores are not 
significant enough to be conclusive. 


A new methodology has been developed to evaluate the environmental impact of bio-energy 
systems ’ . The objectives were: 

• to develop a methodology for the initial evaluation of a bio-energy system that is 
comprehensive and rigorous, yet simple to apply; 

• to compile a general index of potential environmental risks associated with bio-energy 
systems; 

• to compare different conversion and generation systems consistently and objectively; and 

• to highlight areas of key concern, both overall and within individual systems. 

The methodology evaluates the likely environment impact of a bio-energy system by 
quantitatively considering events that will affect the environment; people working on the plant; 
and the process plant itself. Routine events such as the disposal of solid wastes are considered 
along with the potential effects of unplanned events such as fires. An index of events has been 
compiled and the methodology has been applied to four bio-energy systems. These are: 

• 20 MWe fluid bed combustion and steam turbine (Combustion); 

• 20 MWe atmospheric gasification and dual fuel gas engine (GasEng); 

• 20 MWe pressurised gasification and gas turbine combined cycle (IGCC); and 

• 20 MWe fast pyrolysis and diesel engine (PyrEng). 

A summary of the results for the four systems is given in Table 8. This table shows the actual 
results of the analysis, normalised to give a total for the combustion system of 100. The results 
have been grouped into the three main components of a bio-energy system: pretreatment, 
conversion and generation. 

The results have highlighted the importance of the feed reception, storage and handling system 
to the overall environmental performance. Feed storage and drying both have significant 
potential problems in terms of emissions and effluents. The risks of accidents such as fires are 
higher during the pretreatment steps because of the difficulties in handling and containing the 
feedstock. 

The overall impact of the conversion and generation processes are similar for the four systems 
evaluated. It has been shown that the differences between systems lie in where the impacts are 













































340 


A. V. Bridgwater et al . 


incurred rather than the overall environmental performance. Thus low impacts from fuel 
conversion are balanced by the hazards and waste streams that are introduced by fuel cleaning 
prior to combustion. The impacts of solid, liquid and gaseous emissions are significant. 

The evaluations have shown that there are many hazards, wastes and problems that will have an 
impact on the overall environmental impact of a bio-energy facility. These are local problems 
that are typical of any industrial process. It must be remembered that there are regional and 
global benefits to be derived from increased use of biomass such as the opportunities for 
emissions reductions through fossil fuel displacement, waste utilisation and potential economic 
benefits for rural communities. What is presented here simply highlights where there may be 
problems that should be minimised so that biomass can maintain and enhance its image as an 
environmentally-friendly resource. 


CONCLUSION 

The Environmental Systems Activity has co-ordinated a number of projects relating specifically 
to the environmental issues surrounding bioenergy conversion technologies. The outcomes 
summarised in this paper will be of relevance to a number of other IEA activities in so much as 
aspects of pyrolysis, combustion and gasification that impact on gaseous, solid and liquid 
emissions have been studied. 

Much of the technical information presented is of a preliminary nature and must be followed up 
by more comprehensive studies. This will be more feasible in the next few years as process 
development and demonstration in both the thermochemical and biological conversion areas 
progress to the point where truly representative environmental samples can be obtained. 
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